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The hazards of space travel
Before sending out astronauts on an interplanetary mission, we need to investigate how the conditions in

space affect human health. The International Space Station is therefore of huge importance to ensure the

health of a spaceship crew travelling to other planets

Richard B. Setlow

Exploration is an important survival
strategy in evolution. The migration
of expansive species depends on

exploring their immediate or distant sur-
roundings for new food sources or safe
habitats; it can also come as a result of
population pressures or environmental
changes. The human species has added
another reason for exploration, namely
curiosity. This intellectual urge to explore
the unknown led the great European
explorers to the Americas, Australia and
Antarctica between the fifteenth and sev-
enteenth centuries. Inquisitiveness about
nature is also the driving force behind
humans exploring the polar caps, climb-
ing mountain peaks and diving into the
abysses of the oceans. Now, the ultimate
frontier to explore in the twenty-first cen-
tury is space. Astronomical observations
and satellites have already yielded
immense knowledge about our solar sys-
tem and the universe beyond. But these
technologies can provide only a limited
picture of what is out there; eventually
humans themselves will have to travel to
other planets to investigate them in more
intimate detail. Tremendous advances in
rocket and spaceship technologies during
the past 50 years, driven mainly by
national security considerations, the need
for better communication or a desire to
observe environmental changes and
human activity on the ground, have made
it possible to send humans into near-Earth
orbit and to the Moon. Conceivably, these
advances will eventually make it possible
to transport astronauts to other planets,
and Mars in particular (Fig. 1).

But there are significant differences
between exploring Earth and exploring
space. First and foremost, space is an unfor-
giving environment that does not tolerate
human errors or technical failure. For
humans leaving Earth’s orbit for extended
periods, there are even more dangers. One is

the near absence of gravity in space; the
presence of high-energy, ionizing cosmic ray
(HZE) nuclei is another. Because both zero
gravity and cosmic rays would have severe
health implications for astronauts on a Mars-
bound spaceship, we first need to investigate
their effects on cells, tissues and our hor-
monal and immune systems. However,
although we are able to produce HZE nuclei
on Earth and study their effects on biological
material, we cannot simulate extended peri-
ods of low gravity and their additive effects

on cells and tissues. Thus, the International
Space Station (ISS) will have an enormously
important role in assessing the health 
dangers for humans in space and in the
development of potential countermeasures.

There is much information on the adap-
tation of astronauts to zero gravity (0g)
in space and on their return to 1g on

Earth. Nevertheless, our understanding of
these effects is not complete; nor have coun-
termeasures to mitigate them been identified.

Fig. 1 | Late spring on Mars. Source: NASA.
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Observations of astronauts travelling on the
Space Shuttle and Russian cosmonauts’ long-
term visits to the Mir space station indicate
that time spent in 0g has serious effects on
bone and muscle physiology and the cardio-
vascular system. For instance, the return from
0g to 1g leads to an inability to maintain an
appropriate blood pressure when in an
upright position—orthostatic intolerance—
and insufficient blood flow to the brain.
Astronauts returning from orbit therefore
have to rest for several minutes, and the time
needed to normalize their blood pressure
increases with the time spent in 0g. This
could mean that astronauts travelling to
Mars—which would take at least one year in
0g—would need considerable time to
readapt to gravity after landing there or after
their return to Earth, unless we find a techno-
logical solution to the creation of artificial
gravity on a spaceship. Moreover, there are
other cardiovascular effects, such as cardiac
arrhythmia and atrophy, that need to be stud-
ied in more detail before we can ensure the
safety of astronauts on a Mars mission. Other
effects of extended time in low gravity are
loss of bone mass and muscle deterioration.
Without adequate countermeasures, these
could impair the ability of astronauts to per-
form necessary functions on a spacecraft or
on the surface of Mars.

The second main danger for human
travellers is the presence of the afore-
mentioned HZE nuclei in cosmic rays,

because of the ionizing effect that they exert
on atoms or molecules. Although they do
not reach the Earth’s surface because they
are either absorbed by the atmosphere or
deflected by Earth’s magnetic field, there
are already some experimental data on the
cancer-inducing properties of electrons,
neutrons and protons in cosmic rays and
other potential deleterious effects on bio-
logical material from numerous Earth-
based experiments on laboratory animals.
In addition, studies of the effects of the
atomic bombs dropped on Japan in 1945 pro-
vided further data about the health dangers
of radiation and high-energy nuclei.

However, cosmic rays are quite differ-
ent from nuclear explosions because they
include considerably higher numbers of
HZE nuclei—leftovers from collapsing
stars and supernova explosions that were
thrown into space. Curtis & Letaw (1989)
estimated that on a three-year Mars mis-
sion, about 30% of cells in the body will
be traversed by HZE nuclei with Z val-
ues—the number of protons—between 10
and 28, and that virtually all cells will be
traversed by nuclei with Z values between
3 and 9. These traversals result in numer-
ous ionizing events, or hits, on cellular
molecules. The biological effects of HZE
nuclei on cancer induction, the central
nervous system, the immune system and
the eyes are not well known, nor have the
interaction of radiation effects at 0g been
studied. Consequently we need to con-
duct many more experiments on Earth as
well as on the ISS before the health and
safety of astronauts travelling to Mars and
beyond can be assured.

Another, not yet seriously investigated,
problem in addition to the direct
damage of cells is the more general

effect of space radiation on the immune
system. Todd et al. (1999) estimated that
the probability of the immune system’s
being affected is equal to or even greater
than the probability of inducing muta-
tions. The problem of estimating these
indirect radiation effects is compounded
by the fact that the dose rates of HZE pro-
duced in experiments on Earth are rela-
tively high, whereas the dose rates in
space—except for the intermittent but rare
solar flares—are rather low. However,
even such low doses could create signifi-
cant complications through what is
described as the ‘bystander effect’ in
which cells—bystanders—that are not
directly affected by radiation can be
affected by neighbouring cells that have
been hit and die or are mutated. The
mechanisms for such effects involve
cell–cell communication and the release
of toxic products from damaged cells.
Thus, the effects on tissue can be signifi-
cantly larger than those estimated from
individual cells, especially at low doses
that affect only a fraction of cells in a tis-
sue. The dose–response curve might not be
a straight line at all but concave down-
wards, implying that the risks at low doses
could be even larger than the risks estimated
at the higher doses used in experiments 

on Earth (Brenner & Elliston, 2001).
Consequently, additional experiments are
needed to estimate the effects of low 
doses of HZE particles on single cells and 
biological tissues or model organisms.

Simple experiments with yeast and bac-
teria on orbiting spacecraft have shown
that 0g does not significantly affect radia-
tion responses. But these experiments
have not been performed on higher organ-
isms or biological tissues to investigate a
potential synergism between radiation, 0g
and the stress of space travel on the
immune system. These have to wait for
completion of the ISS, but any further
expansion of the space station is now on
hold because of a shortage of funding,
mainly because construction costs were
higher than initially estimated (NRC,
2003). As a result, the installation of
numerous facilities, such as habitats for
animals, a radiation source and a 1g cen-
trifuge, is well behind schedule, and ani-
mal experiments, such as the effects of 0g
on radiation effects, cannot be done.

Ironically, the health dangers of radia-
tion in space only became an issue
when the potential dangers of material

brought back from space were discussed.
In 1975 I joined the Space Science Board
of the US National Research Council
(NRC) that considered, among other
issues, the problem of whether objects
returned from the Moon or elsewhere
from space could harbour deleterious
organisms that would be hazardous to life
on Earth. The appropriate solution at that
time was to isolate these objects and
extensively sterilize them with X-rays or

As both zero gravity and cosmic
rays would have severe health
implications for astronauts on a
Mars-bound spaceship, we first
need to investigate their effects
on cells, tissues and our
hormonal and immune systems
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Fig. 2 | Estimated probability that a nucleus in a

blood-forming organ will not be traversed by the

track core of a galactic cosmic ray, as a function of

shielding and of duration in free space. Figure

adapted from Brenner & Elliston (2001).
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ultraviolet radiation, or high tempera-
tures. Because of my experience with var-
ious hazards of radiation exposure, I was
subsequently asked to join the Committee
on Space Biology and Medicine of the
Space Science Board, and acted as chair-
man of its Task Group on the biological
effects of space radiation. The committee
produced a document entitled Radiation
Hazards to Crews on Interplanetary
Missions: Biological Issues and Research
Strategies (NRC, 1996; Setlow, 1999) with
various conclusions and recommenda-
tions. Two in particular are worth noting:
‘The overall estimated uncertainty in the
risks of radiation-induced biological
effects ranges from a factor of 4- to 15-
fold greater to a factor of 4- to 15-fold
smaller than our present estimates
because of the uncertainties both in the
way HZE particles and their spallation
products penetrate shielding and the
quantitative way in which these types of
radiation affect biological functions’, and
‘Unless NASA obtains access to a reliable
source of HZE particles … for a significant
fraction of each year, it will take over 
10 years, perhaps over 20 years … to
reduce the present large uncertainties in
particle transport behaviour and in the
biological response functions’.

In response to the report, NASA and
the Brookhaven National Laboratory
(BNL) established a NASA-funded facility
at BNL, the NASA Space Radiation
Laboratory (NSRL), to produce HZE 
nuclei that mimic radiation in space.
Commissioned in July this year, the NSRL
will conduct ground-based experiments
to determine the biological effects of HZE
nuclei and test appropriate countermea-
sures to minimize the radiation levels in a
space vehicle. One obvious way to
reduce the number of HZE nuclei travers-
ing a spacecraft would be to incorporate
appropriate shielding. The usual types of
shielding one thinks of would be heavy
metals such as lead, or a lighter metal
such as aluminium. However, although
the flux of cosmic ray particles is readily

attenuated by such shields, the particles
split the nuclei in the shield, which pro-
duces energetic spallation products—
lower-mass nuclei—that also ionize and
act as an additional source of radiation.
Figure 2 shows the fraction of cells that
escape traversal by HZE particles as a
function of the mass of an aluminium
shielding and the time being spent in
space (Brenner & Elliston, 2001). The
longer the time spent in space, the more
cells are hit—note that the mass of shield-
ing has only a negligible effect. Lead
would be an even less effective shielding
material than aluminium; in general, met-
als are very poor countermeasures to pro-
tect against radiation. Lighter elements,
such as water or plastics, might therefore
be much better shields without adding
additional mass to a spaceship. Future
experiments to be performed at the NSRL
will provide further evidence on different
shielding materials and their effects on
biological systems.

Understanding and evaluating the
physiological effects of radiation and
gravity require not only experiments

on Earth but also extensive research on the
ISS with an adequate number of animals
and/or human subjects (Fig. 3). However,
further expansion and work on the ISS has
been stalled because of cuts in funding by
NASA and, more recently, by the loss of the
Columbia space shuttle in February this year.
In addition, the ISS faces employment prob-
lems. Originally, a crew of six or seven astro-
nauts was planned for the ISS to maintain
and run the station and to do scientific
experiments. However, the shortage of funds
means that there are not enough large space
vehicles, such as space shuttles, available to
transport crew, equipment and supplies and
to serve as a rescue vehicle in case of a seri-
ous accident on the ISS. Hence, for safety
reasons the crew size was reduced in 2002
to three, because only the Russian space-
craft, Soyuz, was available and that can carry
only three crew members in an emergency.

Fig. 3 | The International Space Station as of 20 August 2001. Source: NASA.Ironically, the health dangers of
radiation in space only became
an issue when the potential
dangers of material brought back
from space were discussed
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The loss of the Columbia shuttle in February
2003 has exacerbated this problem. As the
crew size has been decreased from six to
three, most of the astronauts’ time will be
spent on operation and maintenance of the
station, which leaves little time for conduct-
ing scientific experiments. Without a signifi-
cantly large infusion of funds to supply the
equipment and to support a larger crew, 
the collection of basic information about the
hazards of space travel will not be accom-
plished within the next 10–20 years. We also
need a continuing, rotating crew of at least
six astronauts to obtain epidemiologically
significant data on the physiological and
psychological effects of 0g on astronauts and
the efficacy of countermeasures. Unless
these experiments can be done, it will not be
possible to guarantee the safety and well-
being of astronauts on a three-year trip to
Mars and back.

So, how can we satisfy our curiosity
about the Solar System and beyond, and
continue to investigate the nearest planets
in more detail? There are three possible
solutions. The first, and most obvious, is to
use unmanned spacecraft to investigate the
planets’ surface and to land, for example,
on Mars or Europa—one of Jupiter’s
moons—and return samples to Earth. This
might very well be done within the next 

10 years. The second solution is to provide
massively increased funding for the ISS. I
cannot guess how much this would be,
because, judging from past experience,
there are large uncertainties in such esti-
mates. And these funds would even eclipse
the amount of money needed for a space-
craft that could transport a crew of six or
seven astronauts on a three-year trip to
Mars and back. In the present global eco-
nomic circumstances, this is certainly not
feasible without significant physical and
financial collaboration and cooperation
among many countries. The third possible
solution is to construct new lift-off capabil-
ities and a much faster spacecraft to drasti-
cally reduce the time being spent in space
and thus the radiation exposure (Fig. 2) and
other stresses on astronauts. Science
(2003) reported that Russia is working on
plans for a nuclear-powered spacecraft to
accomplish this goal. However, it is hard 
to envisage take-off and landing scenarios
that would satisfy environmental concerns.
Given the current situation, I therefore
think that we will need to upgrade the 
ISS further and will have to stick with 
robot probes for at least the next 15 years 
before we can re-evaluate the rationale for 
sending humans to Mars.
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Another problem in addition to
the direct damage of cells is the
more general effect of space
radiation on the immune system


